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1. Introduction 
In the enzymatic reaction of horseradish peroxi- 
dase (HRP) with peroxide, two intermediate com- 
plexes can be isolated, the green primary compound 
(I) and the red secondary compound (II) [ 11. They 
are two and one oxidizing equivalents, respectively, 
above the native ferric protein, and the electronic 
state of the active centers in these compounds has 
been the subject of much speculation [2-61. 
Mijssbauer results are consistent with the valence 
state Fe4’ of the heme iron both in (I) and (II) 
[7-91; the extra oxidizing equivalent in (I) therefore 
must be present as a radical. Early magnetic sus- 
ceptibility measurements support a ferry& spin S = 1 
assignment for (II) and ferryl-radical complex for 
(I) [lo]. On the basis of spectral similarities with 
oxidized porphyrin analogs (I) was modeled as a 
porphyrin n-cation radical with a ferry1 iron [6] but 
this view has been disputed on the basis of NMR data 
[ 111. “0 experiments on chloroperoxidase (I)
suggest oxygen as the ferry1 ligand [ 121. Attempts to 
observe the paramagnetic resonance of (I) have only 
met with partial success [3-5 ,131. A free-radical 
signal was reported at g = 1.995, which titrated with 
the concentration of (I) but had an integrated intensi- 
ty of only -0.01 spins/heme [ 131. Relaxation 
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broadening by the nearby iron was suggested as a 
reason for the low intensity. 
We present new Miissbauer and EPR data which 
demonstrate hat: 
(i) The Fe4’ of (I) has spin S = 1 and essentially the 
same Mijssbauer parameters as (II) [9] but 
weakly couples to a spin S’ = l/2 radical; 
(ii) The previously observed EPR signal of (I) [ 131 is 
but the sharp central feature of a broad spectrum, 
which extends over X.2 T at 9.2 GHz and 
accounts for -0.7 spins/heme; 
(iii) The linewidth is due to spin coupling rather than 
to lifetime broadening; 
(iv) At low temperatures the spin relaxation is 
dominated by Orbach transitions to excited 
doublets near 30 K. 
A ~od$JIamiltonian with an anisotropic oupling term 
- Se J. S’ is proposed which is compatible with the 
MSssbauer and EPR data. 
2. Materials and methods 
HRP from Sigma was purified by the methods in 
[14] to an R,-value (_4402:A280) of 3.0. Solutions 
(-0.2 mM) in 0.1 M phosphate buffer (pH 6.9) were 
mixed in a quartz EPR tube with dilute Hz02 and 
frozen rapidly by immersion in liquid N2. After the 
EPR experiments he samples were thawed, trans- 
ferred to a 1 cm optical cell, diluted with buffer and 
rapidly scanned on a Cary 219. Concentrations of
native HRP, (I) and (II) were determined from the 
Soret band using the extinction coefficients of [4]. 
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EPR data were taken on a Varian E9 X-band 
spectrometer with an Oxford Instruments helium 
flow system. Temperature readings were repeatedly 
checked for given flow rates against acalibrated 
carbon resistor in place of the sample; an accuracy of 
53% was estimated over 3-30 K. 
Miissbauer experiments were done on a sample 
reconstituted from the apoprotein with [“Felproto- 
porphyrin IX. HzOz was added to a 5O%v/v glycerol- 
water solution of enriched HRP at -25°C in a 1 cm 
plastic cuvette. After an optical spectrum was taken 
with reduced pathlength the sample was frozen in 
liquid Nz. Mijssbauer measurements were made on 
these plastic cells in a variable-temperature cryostat 
with superconducting magnet. 
3. Results and discussion 
The similarity in the MGssbauer parameters of (I) 
and (II) noted earlier for the zero-field spectra [7-91 
is evident also in the high-field data (fig. 1 d,e). The 
spectra of (I) for T >lO K are well reproduced by the 
spin Hamiltonian: 
Jc, = D(S2 - 2/3) t $. 2. $+ (&$. 2 - 
&$j .Ft AEQ (3c -Z(Zt l))/U(U - 1) (1) 
withS=1,D=32KandgATAEQaslistedwith 
fig. 1. Equation (1) fails, however, to account for the 
broadening of the MGssbauer lines observed in the 
low-temperature, low-field spectra (fig. 1 a,b). This 
broadening arises from tie interaction with the radical 
of spin S’ = l/2, and we describe the coupled system 
by the Hamiltonian: 
3csSGJcst+.&&$~~ (2) 
This model with a free-spin value g’ = 2 and a weak 
coupling constant, -J zD/lO *3 K, indeed yields 
satisfactory simulations for all fields and temperatures, 
(fig. 1). 
A complete description of the Miissbauer spectra 
also requires pecification of the spin fluctuation rate. 
The model developed in [ 151 adapted to the spin- 
coupled system discussed here, shows that for all 
spectra of fig.1 either the fast-fluctuation limit 
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Fig. 1. Miissbauer spectra of(I) under the following conditions: 
(a), (b) T = 1.5 K, H, = 0.04 T and HL = 0.04 T, respectively. 
(c) T=4.2K, H = d.5 T. (d), (e)H,, = 3.03T, T=26 Kand 
40 K, respective y. Zero velocity corresponds to the isomer f 
shift of Fe metal at 300 K. The solid lines are simulatizns 
based on XS St with the parameters D = 32 K, E = 0,g = 1 
(2.25,2.25, i.98),g’ = 2,y = (-4,2,2) K, tiQ = 1.25 mm/s, 
q = 0.0,x&9, = (-17, -17, -6) T, 6Fc = 0.08 mm/s. 
Spectra (a-c) are calculated in the slow-, spectra (d) and (e) 
in the fast-fluctuation limit. 
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(T >15 K) or the slow-~uctuatio~ limit (T 54.2 K) 
applies. 
While the spin coupling represented by eq. (2) 
affects the Mossbauer spectra only slightly, it radically 
modifies the EPR of the unpaired spin. Careful 
scrutiny of the weak derivative signal observed in 
[ 131 shows that it is superimposed on very broad 
high- and low-field wings (tig2a). The intensity is 
strongly temperature dependent; he signal is lost at 
>30 K, but can be saturated at <5 IL For microwave 
powers P 260 mW and T 53.4 K passage conditions 
obtain ]16,17], yielding an abso~tion-ape spectrum 
(fig.2c). Numerical iteration (fIg.Zb) of the deriv- 
ative signal dx”[ti (fig.2a) yields a spectrum in good 
agreement with the passage signal. Comparison of the 
second integral of the derivative spectrum of (I) to 
that of a Cu”-EDTA standard yields 0.7 f 0.4 
spins/heme. 
Fig.2. X-band EPR spectra of (I). (a) Normal slow passage 
derivative spectrum with H, = 1 mTp+, P = 0.63 mW, 
vm = 10s Hz. (b) Numerical integratron of (a). (c) Rapid 
passage spectrum of (I) with H, = 1 mTP.+, T = 3.4 R, 
P=63mW,v,= lo5 Hz. (dj Sedation using a Gaussian 
distribution P(Q) = exp (-~Q-Q~)~@Y~) of the exchange 
tensor3 =a(-42.2) K witha, = 1 and ~~0.47. 
Evidence that the iron affects the EPR signal 
comes from power saturation data (fig.3) [18]. 
According to the Hamiltonian (eq. (2)) the eigenstates 
of the coupled system are 3 Kramers doublets as 
shown in the insert of tig.2. For weak coupling, 
Vi<<0 230 IL the ground doublet, which gives rise 
to the EPR signal, is separated from the excited states 
by an energy A zD. Since phonon-induced transitions 
within a doublet are forbidden in first order, spin 
relaxation is dominated by Orbach processes via 
excited states, Tr CC exp (h/Z”). This prediction is 
borne out by fig.3, which shows that the excited-state 
energy, A 229 K, agrees well with the zero-field 
splitting, D = 32 K, deduced from Mossbauer data. 
If the shape of the low-temperature EPR spectrum 
is not affected by lifetime broadening, it must be 
ezplained on the basis of the spin coupling tensor 
J [ 191, which in turn depends in a complicated way 
on the wavefunctions of the radizal and the iron. 
While no explicit caIcuIation of J has been performed, 
some constraints on its components and therefore on 
the geometry of the radical complex can-be deduced 
from a simplified model. Assu~ng that J is diagonal 
in the frame defined by the zero-field splitting, we 
calculate an effective g-tensor for the ground state in 
first-order perturbation: 
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Fig.3. (a) EPR saturation data for (I) as a function of temper- 
ature. The signal S is taken as the peak to peak amplitude in 
the derivative spectrum. To avoid passage conditions vm = 
10” Hz was used. The solid lines are fits of SP-44 p 
(I+ P/P&-% (b) Plot of w (fii.3a) versus T’ [ 181. 
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This approximation shows that g$f corresponds to 
the central peak of fig.2b,c, while the perpendicular 
components Gfi and g$ff correspond to the high- and 
low-field wings of the spectrum. It further follows 
that J, and Jyy must have comparable magnitude, 
but opposite sign. Within the porphyrin-radical 
model such a J-tensor can be realized if the z-axis is 
close to the heme plane, and if the dipole-dipole 
coupling dominates over the isotropic exchange. An 
estimate of the dipolar term for this model yields 
J,, and JYY of the required size, but does not rule 
out other geometries. 
This simple model predicts EPR spectra with 
pronounced high- and low-field shoulders rather than 
smooth wings, and an exact calculation does not do 
much better. A satisfactory simulation is obtained, 
however, with a normal distribution of J-values 
(fig.2d). Since the dipole-dipole interaction strongly 
depends on distance and orientation of the moments, 
variations in geometry due to strain and different 
conformations may account for the J-spread. 
In conclusion, the new Miissbauer and EPR 
evidence of spin coupling in (I) explains many 
previously puzzling observations. It is compatible 
with the porphyrin-radical model [6] but more work 
is needed before a final conclusion can be drawn. 
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